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Sterol-Containing Ordered Membrane Domains
Membrane lipids can form co-existing membrane domains which are distinct in terms of both lipid composition and lipid physical state [1] . The liquid disordered (Ld) state is most common in natural membranes. As its name implies, lipids in the Ld state undergo rapid lateral diffusion and have relatively disordered, loosely packed hydrocarbon chains. In contrast, lipids in the solid-like gel state are highly ordered, tightly packed with each other, and undergo only very slow lateral diffusion. In lipid mixtures containing sterols such as cholesterol, a third physical state can form, the liquid ordered (Lo) state. This state is intermediate in properties relative to the gel and Ld states. Like the Ld state, the Lo state is characterized by fast lateral diffusion, although slightly slower than in the Ld state. At the same time, the lipids in the Lo state are tightly packed, as in the gel state. The Lo state can form most readily when sterols are mixed with lipids lacking cis double bonds in their hydrocarbon chains, e.g. sphingolipids.
It is believed that in many natural membranes, Ld domains rich in unsaturated lipids containing cis double bonds co-exist with Lo domains rich in sphingolipids and sterols [2] [3] [4] . The term "lipid raft" or "membrane raft" has been widely adopted to denote cellular Lo domains. A wide variety of cellular functions have been postulated to be dependent upon the presence of lipid rafts. Raft-dependence has been most well-studied in the cases of sorting of membrane proteins and lipids to different subcellular compartments and/or domains, infection by certain bacteria and viruses, and signal transduction in the immune system [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, just about every process that involves the sphingolipid-rich plasma membrane of cells has been claimed to be raft-dependent in one study or another.
The raft field has been embroiled in much controversy, mainly because under most conditions fully unambiguous methods to directly detect lipid rafts in natural membranes have been lacking. It appears that, at least in most cases, domains are too small (existing as nanometer scale sized "nanodomains") for direct detection in cells by available methods. There are exceptions to this [16] [17] [18] , and microscopy methods that detect regions of high membrane order have proven valuable to detect ordered membrane domains in cells when they are large, or present as nanodomains that are concentrated in one portion of a membrane [19] . In contrast to the situation in cells, membrane domains are readily detected in model membranes (i.e. membrane lipid dispersions), in which conditions can easily be manipulated to create large membrane domains, and for which methods to directly detect nanodomains are available [20, 21] . As a result, much is known about the physical properties of ordered lipid domains.
Biochemical Assays and Modifying Sterol Levels to Probe the Functional Importance of Ordered Membrane Domain Formation
As a result of the inability to directly detect ordered membrane domains in cells, many indirect methods have been used to identify if a specific cellular function is likely to be raft-dependent. For example, whether membrane proteins are associated with detergent resistant membranes (DRM) has been widely used to define whether a membrane protein is likely to associate with ordered domains [22] . The logic behind this experiment is that Lo membrane domains are detergent resistant, while Ld domains are not [2] . Such experiments can be ambiguous because the degree of solubilization of Lo and Ld domains can depend on experimental conditions such as detergent concentration. In addition, the level of ordered membrane domain formation is highly temperature dependent, and solubilization studies are usually carried out at 4 °C, which would increase ordered domain formation relative to that at 37 °C [23] . Finally, detergent may perturb ordered domain properties. The extent to which this is an issue is not settled. Although it has been claimed that the detergent Triton X-100 can induce ordered domain formation under some conditions [24] , other studies, using the same conditions, indicate that Triton X-100 only induces coalescence of pre-existing ordered domains into larger domains [21] . Certainly many studies have shown that when there are co-existing ordered and disordered Ld domains Triton X-100 selectively dissolves Ld domains [25, 26] .
Another widely used approach has been to determine if partial removal of cholesterol (e.g. by treatment of cells with cyclodextrins such as MβCD or HPβCD) abolishes specific biological functions, and whether restoring cholesterol levels recovers these functions. Cyclodextrins are polymeric rings formed by six or more glucose molecules. Their circular structure has a hydrophobic cavity which can bind lipid, while their exterior is hydrophilic, allowing them to be dissolved in water. As a result, they can bind sterols, and can both extract and deliver sterols to membranes [27] . The effect of removal of cholesterol upon function is often combined with experiments showing that DRM are lost upon removal of cholesterol, the assumption being that loss of DRM is an indication that Lo domains were abolished. This behavior is difficult to interpret. Because ordered domains can dissolve in detergents,
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including Triton X-100, when they have low cholesterol content [25, 26, 28] , loss of detergent insolubility does not demonstrate loss of Lo domain formation. In other words, partial removal of cholesterol may only have made DRM less resistant to detergent. In addition, removal of cholesterol, which is a major lipid component of plasma membranes, influences a variety of membrane physical properties in addition to domain formation, e.g. lipid packing and bilayer width/thickness. A protein that undergoes conformational changes sensitive to these parameters might show altered function, and thus alter a biological process for reasons not directly related to the presence of co-existing Lo and Ld domains. Another obvious possibility is that protein conformation and function may be altered by specific binding interactions with cholesterol, interactions lost when cholesterol is removed. Finally, there may be changes in overall membrane properties and functions simply related to the change in overall lipid levels in the cell/plasma membrane when cholesterol is removed.
An alternative to removal of cholesterol with cyclodextrins is treatment of cells with polyene antibiotics (e.g. nystatin) that interact with and sequester cholesterol [29] . Interpretation of such studies can be complicated by the toxic effects of these antibiotics and the uncertainty concerning the properties of the sequestered sterol, although agreement between polyene antibiotic and cyclodextrin effects on a biological function increase the confidence that the function is influenced by cholesterol.
Modifying Sterol Type to Probe the Functional Importance of Ordered Membrane Domains
Bloch et al. [30] [31] [32] [33] investigated the correlation between overall membrane order and sterol structure in studies of Mycoplasma. We suggested that sterol substitution might be a useful strategy for defining the importance of ordered domains in cells [28] . In this strategy, instead of cholesterol depletion/repletion one carries out cholesterol depletion/ substitution, in which cholesterol is (partially) replaced by a sterol with different chemical and/or physical properties. In some cases sterol incorporation into cells is spontaneous [17, 34] , but in most cases this can be carried out using cyclodextrins both to remove cholesterol, and when cyclodextrins are loaded with sterol, to carry out the substitution step [27, [35] [36] [37] [38] . The basic concept behind this strategy is that cellular functions that respond to membrane domain formation will be supported by those sterols with chemical structures that maintain domain formation, while functions that depend on other sterol properties will exhibit a different dependence upon sterol structure. In other words, if a sterol having the ability to maintain ordered domains is necessary and sufficient to support a biological function, then all sterols that support domain formation should support that function, while no sterol that does not support domain formation should support that function (Fig. 1a) . Similarly, studying the effect of a set of sterols with a range of abilities to support the formation of ordered domains should show a very tight correlation between the ability of a sterol to support ordered domain formation and biological function if the function is dependent upon ordered domains (Fig. 1c) . If a function is dependent upon specific sterol interactions with particular proteins rather than upon ordered domains, a strong correlation between the ability of a sterol to form ordered domains and support a function should not be observed. In this case, the relationship between sterol structure and biological function can reveal what part of the sterol molecule is critical for interaction with a specific protein.
The key to carrying out such experiments in the most informative fashion is the use of a large number of sterols with a wide variety of abilities to form ordered domains. The abilities of over 25 sterols and closely related steroids with a wide range of structures and ability to support ordered domain formation have been investigated in a series of studies in model membrane vesicles [28, [39] [40] [41] [42] [43] . Sterols can have a wide range of chemical structures (Fig. 2) and their variations will greatly alter any specific interactions with sterol binding sites on proteins, as well as alter their abilities to pack tightly with other lipids, restrict membrane permeability, H-bond, etc. Although some of these properties may also influence the degree to which sterols support segregation of ordered domains from disordered domains, sterols/steroids with similar ability (or inability) to support/stabilize ordered domain formation can differ in the presence or absence of a free 3OH group, OH group configuration, double bond number and position in the steroid rings, alkyl tail structure, and overall enantiomeric configuration. Thus, with a wide enough selection of sterols, it should be possible to pinpoint functions most likely to be dependent on domain formation.
Sterol substitution experiments require an efficient sterol substitution step. Although efficient cyclodextrin-induced sterol exchange seems to be possible for a wide variety of sterols, it should be noted that it is necessary to confirm this and for the most accurate results, quantify the extent of sterol substitution. Also, removal of cholesterol can be toxic to cells [44, 45] , and to show that the deleterious effect of a sterol substitution on a specific cellular function is not due to some irreversible general toxicity to the cell it is best to demonstrate biological function is restored upon a second substitution step in which cholesterol is re-substituted for at least a large fraction of the sterol used in the first substitution step.
It should be stated explicitly that the sterol substitution strategy cannot be used by itself to absolutely prove that a process is dependent on ordered domains. For example, the greater the degree to which a sterol supports ordered domain formation, the greater the extent to which it should increase membrane order, and because acyl chains are most fully extended when membranes are highly ordered, the greater the membrane thickness. Thus, a protein with a function dependent upon membrane thickness might show a pattern of sterol structure dependence similar to that for a protein with a function dependent upon membrane domain formation. To distinguish these possibilities will require development of methods to independently alter membrane thickness, membrane order, and domain formation. For example, since ordered domain formation involves a loss of homogeneous lipid mixing, altering the structure of Ld lipids so that they mix more poorly with cholesterol and sphingolipid [46] is likely to be a useful strategy for promoting domain formation without increasing membrane order and bilayer thickness. Similarly, partial substitution of cholesterol with sterols that do not support ordered domain formation may increase the immiscibility of sphingolipids and unsaturated phospholipids and promote domain formation, while decreasing overall membrane order. A complication is that, in intact cells the level of plasma membrane substitution and total cellular cholesterol substitution may not be identical. Thus, evidence for dependence of a function on ordered domains would be strengthened by directly detecting changes in plasma membrane ordered domain levels upon sterol substitution, for example by FRET [47] , rather than indirectly inferring such changes from the properties of the sterols used.
It should also be kept in mind that a protein that binds sterols in a fashion dependent upon sterol structure does not preclude it from having properties influenced by membrane domains. Pefringolysin O (PFO) binds to many sterols with a 3β-OH group, but not sterols with a 3α-OH group [48] . However, when PFO binds to cholesterol, a sterol which tends to locate in ordered domains, PFO locates in ordered membrane domains, while when it binds coprostanol, a sterol which tends to locate in disordered domains, PFO locates in disordered domains [49] . It appears that sterols bind to PFO in a fashion in which they can still interact with other membrane lipids, probably because binding only involves the portion of the sterol close to the polar end of the sterol molecule.
Despite such complications, by defining what functions have a sterol substitution dependence that matches the dependence expected for a raft-dependent process, and what functions show a pattern indicating specific sterolprotein interactions is a key first step in distinguishing processes likely to be dependent upon ordered domains from those with a specific sterol requirement. In fact, the sterol substitution method may be the most powerful method for identifying biological functions involving specific sterolprotein interactions.
Studies in Eukaryotic Cell Plasma Membranes Using Sterol-Modifying Enzymes
A number of previous studies have used sterol substitution to investigate the effect of specific sterol and lipid rafts on cellular functions [1] . Two types of sterol substitution have been carried out in cells: (1) treatment with sterol-modifying enzymes, and (2) sterol-exchange in membrane by using sterol-carriers such as cyclodextrins, bovine serum albumin (BSA) or liposomes. For sterol modification, cholesterol oxidase has been used. The oxidase transforms cholesterol into 4-cholesten-3-one, a steroid that does not support ordered domain formation [28] and has both a shifted Fig. 2 Sterols used in prior sterol substitution studies. Cholesterol is shown with carbon atoms numbered. Sterols with variations on cholesterol studied have included those with substituents replacing or modifying the 3β-OH group (named in parentheses, full structures of sterols not shown) including: cholestene (H), cholesterol formate (formate), chlorocholesterol (Cl), epicholesterol (3α-OH), cholesterol palmitate (palmitate), cholesterol ethyl ether (ethyl), 5-cholesten-3-one (3 keto); oxysterols (full structures not shown) with substituents including: 6 ketocholesterol, 7α-OH cholesterol, 7β-OH cholesterol, 19 ketocholesterol, 22 ketocholesterol, 25-OH cholesterol, 20α-OH cholesterol, 22α-OH cholesterol; alkyl chain variants including: stigmasterol, β-sitosterol, fucosterol, campesterol, desmosterol; ring double bond variants including: 7-dehydrocholesterol, allocholesterol, lathosterol; saturated sterol ring variants including: dihydrocholesterol, coprostanol, and sterols/steroids with multiple differences relative to cholesterol including: epicoprostanol, zymosterol, ergosterol, dehydroergosterol, pregnenolone, lanosterol, 4-cholesten-3-one, androstenol, stigmastanol ring double bond position and replacement of the 3β-OH group of cholesterol with a keto group.
Phalen et al. [50] studied the role of membrane cholesterol in host cells on infection by Semliki Forest virus (SFV). Cholesterol depletion from cells did not alter viral binding, internalization or acidification. However, SFV fusion with plasma or endosomal membranes of infected cells was inhibited by both cholesterol depletion and cholesterol oxidase treatment. Additionally, production of viral RNA and viral proteins were impaired by cholesterol depletion. The investigators tried to restore impaired functions by repletion of cholesterol or 4-cholesten-3-one. Bovine serum albumin was used as the steroid carrier for these experiments. Repletion with cholesterol partly restored inhibited functions, but repletion with 4-cholesten-3-one did not. They concluded that a high level of steroid having a 3β-hydroxyl group in host cellular plasma membrane (as is the case in normal cells) is important for SFV infection. These studies did not define the mechanism by which a high level of the 3β-hydroxyl sterol acts.
Okamoto et al. [51] observed that endothelin1 binding-induced internalization of endothelin receptor type A (ETA) mainly occurred through caveolin-coated pits in Chinese hamster ovary (CHO) cells, but that upon cholesterol oxidase treatment, intracellular translocation of caveolin-1 occurred and ETA-internalization switched to a clathrin-coated pit pathway. Since caveolin directly binds to cholesterol [3] , it is possible that a loss of binding to caveolin due to a change in sterol structure directly regulates caveolae-mediated endocytosis. On the other hand, given the significantly different abilities of cholesterol and 4-cholesten-3-one to support raft domain formation and tight lipid packing in plasma membranes [28] , an effect on endocytosis due to a change in membrane physical properties could also be involved.
Pucadyil and Chattopadhyay [52] found that decreasing levels of cholesterol in hippocampal membranes by treatment with MβCD reduced ligand binding by serotonin1A (5-HT1A) receptors. Thus, the cholesterol level in plasma membrane seems to be important for ligand binding. Pucadyil et al. [53] then studied the effect of cholesterol oxidation on ligand binding by 5-HT1A receptors. Cholesterol oxidase treatment decreased agonist and antagonist ligand binding compared to non-treated samples. They found that the fraction of cholesterol loss (about 28 %) was too small to give rise to a large decrease in plasma membrane order (i.e. lipid packing) as measured by fluorescence polarization. Therefore, they concluded that ligand binding to receptor more likely to depend on direct interaction with cholesterol than the physical properties of plasma membrane.
Rouquette-Jazdanian et al. [54] studied the effect of cholesterol oxidation on T cell receptor (TCR) signaling.
They observed transformation of cholesterol into 4-cholesten-3-one did not affect localization of the TCR complex subunit CD3-ζ in rafts, tyrosine phosphorylation induced by CD3, production of CD3-induced second messengers such as Ca 2+ -fluxes and diacylglycerol, or CD-3 induced actin-polymerization. The 4-cholesten-3-one moved to non-DRM fractions, but they found that there were residual DRM (which they called cholesterol-depleted DRM) with a similar amount of sphingomyelin and GM1 as DRM from untreated cells. They concluded cholesterol in DRM (which they interpreted as reflective of cholesterol in ordered membrane domains) was not necessary for the CD3/TCR signaling. It should be noted that loss of cholesterol does not mean a loss of ordered domains. It is possible that cholesterol-depleted DRM could exist in the ordered gel state, rather than liquid ordered state. It would be interesting to determine whether a combination of cholesterol oxidation and sphingomyelinase (SMase) treatment, which might fully destroy or greatly alter ordered domains, would inhibit TCR signaling. It should be noted that the investigators found that the behavior of T cells upon MβCD treatment was somewhat different from that upon cholesterol oxidation. It may be that the change in membrane physical properties upon decreasing total sterol levels are different from those induced upon changing sterol structure.
Klink et al. [55] studied the role of cholesterol oxidase for infectivity of Mycobacterium tuberculosis (Mtb). Mtb lacking the cholesterol oxidase gene (ΔchoD) replicated inside macrophages to a lesser degree than wild type Mtb. When complement receptor 3 (CR3) and toll-like receptor 2 (TLR2) were blocked with antibodies normal growth was recovered. Infection with ΔchoD Mtb resulted in higher nitric oxide (NO) and reactive oxygen species (ROS) production in macrophages than did wild type Mtb, suggesting that 4-cholesten-3-one formation might inhibit the production of NO and ROS. The loss of NO and ROS production appears to reflect their observation that phosphorylation events that induce NO and ROS production were only inhibited by wild type Mtb. They also found production of interleukin 10, an anti-inflammatory cytokine, is lower in ΔchoD Mtb-infected macrophages compared to wild-type infected ones. It is not clear whether these effects resulted from removal of cholesterol or an inhibitory effect of 4-cholesten-3-one. In addition, the possibility that changes in membrane physical properties were involved in these processes was not investigated.
Neuvonen et al. [56] studied the effect of cholesterol oxidation upon membrane properties and cellular functions by computational and cellular experiments. Cholesterol oxidase or MβCD-loaded with steroid was used to increase 4-cholesten-3-one and decrease cholesterol levels in human dermal fibroblasts. The 4-cholesten-3-one was more easily displaced from membranes than cholesterol such that the efflux of 4-cholesten-3-one to extracellular acceptors was larger than for cholesterol. Cellular localization of cholesterol and 4-cholesten-3-one also differed, with 4-cholesten-3-one moving rapidly to intracellular compartments. In the fibroblasts, 4-cholesten-3-one decreased lamellipodium formation and cellular mobility beyond that induced by simple removal of cholesterol with MβCD. Even though they found a small decrease in membrane order after cholesterol oxidation, matching their predictions for a decrease based on molecular dynamics, it is not certain whether reduced cellular mobility was a result of reduced membrane order, or some other effect of 4-cholesten-3-one.
Studies in Eukaryotic Cell Membranes Using Sterol Substitution
As noted above, an alternative method for altering the type of sterols in cells involves sterol exchange with cyclodextrins. In some studies, pre-depletion of cholesterol was carried out before substitution using sterol-loaded cyclodextrins, under conditions resulting in similar levels of total sterol in the initial cells and after exchange [57] [58] [59] [60] [61] [62] [63] [64] . Other studies simply incubated cells with sterol-loaded cyclodextrins, carrying out cholesterol extraction and sterol substitution simultaneously, and under conditions in which the total amount of sterol in the membrane was largely unchanged [65] [66] [67] [68] . However, in some studies treatment of cyclodextrins loaded with sterols was carried out under conditions that increased total membrane sterol without decreasing cholesterol content [69] [70] [71] [72] [73] . This difference in final sterol levels may reflect use of different experimental conditions, or variations in sterol affinity for different cells. In any case, it is important to consider final levels of both cholesterol and total sterol after exchange.
The sensitivity of several membrane channel proteins to sterol has been studied using cyclodextrin-induced sterol substitution. Romanenko et al. [66] studied the effect of sterol on inward-rectifier K + channel in endothelial cells. Over-loading cholesterol decreased the inwardly rectifying K + current while depleting cholesterol increased it. Substitution of about 50 % of membrane cholesterol by epicholesterol induced an even stronger current-increasing effect than cholesterol-depletion. However, this sterol composition change did not affect single-channel properties or cellular plasma membrane capacitance, suggesting the number of active channels was being affected by sterol. The authors conclude that, given the similarities in cholesterol and epicholesterol physical properties, a specific protein interaction is likely to be involved. Given the slightly weaker ability of epicholesterol to maintain ordered domain formation relative to cholesterol [28] , extending these results with additional cholesterol analogs would be desirable.
Romanenko et al. [67] also studied the effect of sterols upon volume-regulated anion current (VRAC) in bovine aortic endothelial cells. Cholesterol depletion and sterolsubstitution were carried out with MβCD. Depletion of cholesterol activated VRAC, while increasing cholesterol slightly decreased VRAC activity. Substitution of cholesterol with epicholesterol or β-sitosterol gave behavior similar to that in cells having a normal level of cholesterol. However, substitution with coprostanol induced VRAC activation similarly to cholesterol-depletion. The investigators concluded that membrane physical properties, rather than specific sterol interactions are important for regulation of VRAC activity. This could involve membrane domain formation because epicholesterol and β-sitosterol support ordered domain formation, while coprostanol inhibits ordered domain formation [28, 40] . A study of the role of sterol and cell/cytoskeletal stiffness in VRAC activity came to a similar conclusion [74] .
In another study, Romanenko et al. [65] investigated the effect of sterol-substitution on interaction between intermediate-conductance (IK1) and large-conductance (maxi-K) Ca 2+ -activated K channels in mouse parotid acinar cells. Activation of IK1 channels decreased the activity of the maxi-K channels in cells having normal levels of cholesterol. Cholesterol-depletion diminished the inactivation of maxi-K channels by activated IK1 channels. Repletion with cholesterol or with coprostanol restored inactivation (as did destabilization of the actin cytoskeleton), but substitution of cholesterol with epicholesterol or epicoprostanol resulted in behavior similar to that observed upon cholesterol depletion. Given the inability of coprostanol to support membrane order, and the inability of epi sterols to substitute for cholesterol, it was concluded that a specific sterol interaction involving the 3β-OH group on the A-ring of sterol is critical for regulating the interaction between IK1 and maxi-K channels, rather than membrane physical properties.
Picazo-Juárez et al. [72] studied the effect of cholesterol on transient receptor potential vanilloid 1 (TRPV1) channels in 293 cells. When they incubated cells with MβCD-cholesterol complexes, they found that the resulting increase in membrane cholesterol gave a lower TRPV1 channel activity. They did not see this decrease in activity when they incubated with MβCD-epicholesterol under similar conditions. When they introduced various point mutations in gene sequence coding S5 helix of the TRPV1 channel, they found that cholesterol-sensitivity was decreased or abolished. They concluded the S5 helix may interact with cholesterol, and that both membrane cholesterol content and an intact cholesterol binding site of TRPV1 channel are important for channel activity. It should be noted that the effect of cholesterol and epicholesterol on membrane physical properties are similar but not identical, and the specific binding interaction involved could obscure any additional effect due to changes in membrane physical properties.
Other studies have examined sterol effects on receptors. In early studies that were the first or among the first to use sterol substitution with cyclodextrins, Fahrenholz et al. [75] and Klein et al. [59] modulated cholesterol amount and steroid structure in myometrial cell membranes by using MβCD, and then observed the effect on the binding of oxytocin to its receptor. Cholesterol depletion decreased binding affinity and cholesterol repletion restored affinity to normal. Then they carried out sterol-substitution with 5-cholesten-3-one, pregnenolone, stigmasterol and 5-cholestene. A specific steroid structure requirement for the oxytocin binding was found. Substitution with 5-cholesten-3-one, pregnenolone and 5-cholestene (sterols that do not have 3β-hydroxyl group or aliphatic tail) did not reverse the reduced binding affinity after cholesterol depletion, while stigmasterol partially restored binding affinity. They concluded that cholesterol level and a specific steroid structure are important for oxytocin receptor binding. It is noteworthy that, unlike most of the steroids they tested, stigmasterol and cholesterol only differ in their alkyl tail structures, suggesting this part of a sterol is less crucial for binding than the ring structure or OH group. However, the steroids that were unable to substitute for cholesterol in this study are also unlikely to support membrane order or domain formation, while stigmasterol does [40] . Thus, studies using a wider variety of sterols would have been valuable, as was carried out in the follow-up study below.
Gimpl et al. [58] studied the effect of steroid upon oxytocin receptor (OTR) and brain cholecystokinin receptor (CCKR) function. To change steroid amount and structure, they carried out cholesterol oxidase treatment, SMase treatment, filipin treatment, and/or sterol substitution by treatment using MβCD with/without loaded sterol. Twenty-four sterols and steroids were studied. Sterol levels, membrane order assayed by fluorescence (DPH) anisotropy, and ligand binding affinities to receptors were analyzed. The use of a variety of techniques and range of steroids helped reveal patterns of dependence on steroid and membrane structure. They found that sterol regulation of ligand binding for the two receptors seemed to involve different mechanisms. Ligand binding to CCKR was correlated with membrane order, although only weakly affected by sterol type. Ligand binding to OTR was more sensitive to specific steroid structure than membrane order. Thus, they concluded that there are two mechanisms for regulating receptor function: one is membrane physical state and another is specific molecular interaction between steroid and receptor.
Cross et al. [76, 77] researched the effect of sterol on sperm responsiveness to progesterone. During fertilization, sperm undergo an acrosome reaction, and this reaction is largely triggered by exposure to inducers such as progesterone. They incubated sperm in media having various steroids bound to phosphatidylcholine (PC) liposomes or bovine serum albumin (BSA), and then measured both spontaneous and progesterone-induced acrosome reaction. Relative to control medium, progesterone-induced reaction was reduced when sperm were incubated in cholesterolenriched medium. This was reversible, such that the acrosome reaction returned to normal after cholesterol was washed out. It was found that cholesterol-3-sulfate and desmosterol also inhibited the progesterone-induced reaction, but cholesterol palmitate did not. They concluded that incubation of sperm with unesterified sterol blocks the acrosome reaction.
Nimmo and Cross [78] studied the mechanism by which sterols/steroids affect two sperm maturation steps, capacitation and the acrosome reaction. Human sperm were incubated in the medium with/without diverse sterols/steroids added from solvent or in a liposomal preparation for 24 h and then total steroid content, the extent of capacitation, and spontaneous acrosome reaction of the sperm were analyzed. Addition of sterols/steroids that promote ordered domain formation and lipid tight packing inhibited capacitation. Sterols that disrupt tight lipid packing, and most likely ordered domain formation, 4-cholesten-3-one, 5α-androstan-3-β-ol, and epicoprostanol, gave a different response. They either promoted capacitation (in the case of epicoprostanol) or increased the spontaneous acrosome reaction (4-cholesten-3-one and 5α-androstan-3-β-ol). Thus, they suggested that sterols control sperm maturation via their affect upon membrane order. It should be noted that these relatively early studies on sperm used liposomes or BSA as sterol carriers. This could introduce variables that might affect function, such as liposome-cell fusion or BSA-cell interactions that would not occur with cyclodextrins.
Pang et al. [60] studied the effect of sterol in membrane on the binding of galanin to galanin receptor (GalR2). Using MβCD, cholesterol in CHO cell membranes was depleted and repleted, and galanin binding to the receptor was analyzed. Membranes were treated with cholesterol oxidase or filipin or subjected for sterol-substitution. Cholesterol oxidase or filipin treatment interrupted binding of galanin to GalR2. Binding affinity to GalR2 was also reduced by cholesterol depletion, and restored by repletion. For sterol-substitution, 5-cholestene, 5-pregnen-3β-ol-20-one, 4-cholesten-3-one, and 5-cholesten-3-one were used. Only substitution with 5-cholesten-3-one restored galanin binding to receptor. The authors concluded that there was a specific interaction GalR2 and sterol needed for ligand binding to the receptor, and that binding is not affected by membrane fluidity. However, further studies are required because, in contrast to cholesterol, 5-pregnen-3β-ol-20-one and 4-cholesten-3-one do not increase membrane order or 1 3 domain formation [28, 41] , while in the other cases, the effects on membrane properties are unknown.
Sooksawate and Simmonds [70] studied the effect of cholesterol or epicholesterol incorporation in plasma membrane of rat hippocampal neurons upon the response of the GABA A receptor to GABA. The receptor showed decreased sensitivity to GABA upon cholesterol depletion or cholesterol enrichment. Interestingly, cholesterol repletion to normal levels after cholesterol depletion, restored receptor response to GABA. Enrichment with epicholesterol give the same decrease in GABA sensitivity as did cholesterol enrichment. However, repletion with epicholesterol after cholesterol depletion, did not restore receptor response to GABA. They concluded that a specific amount of cholesterol is important for optimal GABA A receptor response to GABA, and that the decreased sensitivity after cholesterol enrichment or additional incorporation of epicholesterol reflected increased membrane lipid order. In a later study, Sooksawate and Simmonds [69] performed similar experiments to see how membrane sterols affect the regulation of GABA A receptor by potentiators or antagonists. Again, some differences were observed between the effects of cholesterol and epicholesterol. Specifying the effect of membrane order or lipid domains would require studies with additional sterols.
Brown et al. [71] researched how cholesterol in ER membrane affects functions of sterol regulatory element binding protein (SREBP) cleavage-activating protein (SCAP). SCAP senses if there is depletion of cholesterol in ER membrane and then escorts SREBP to the Golgi complex [79] [80] [81] [82] . SCAP interaction with cholesterol was found to induce a conformational change increasing its sensitivity to trypsin proteolysis. To investigate SCAP regulation by cholesterol, trypsin sensitivity was assayed after MβCD was used to change the amount of ER cholesterol or exogenously add a large variety of sterols to ER. A variety of sterols were able to substitute functionally for cholesterol, and support SCAP trypsin sensitivity. However, a number of sterols with additional oxygens, or those with the 3β-OH altered to a keto, Cl or 3α-OH did not support SCAP digestion by trypsin. Cholesterol-insensitive SCAP mutants with reduced accessibility to trypsin digestion were also identified. It was concluded that SCAP has a specific sterol interaction, and this interaction induces an activating conformational change.
Westover et al. [63] researched the regulation of epidermal growth factor receptor (EGFR) induced autophosphorylation by plasma membrane cholesterol in A431 cells. When cholesterol was depleted in plasma membranes using MβCD, both basal and EGF-stimulated EGFR sitespecific phosphorylation were enhanced. Repletion with cholesterol or with cholesterol-enantiomer (ent-cholesterol) reversed the enhancement of phosphorylation. Cholesterol and ent-cholesterol appeared to be similar in their abilities to pack with sphingomyelin and form ordered membrane domains as judged by DRM levels. However, they interacted differently with cholesterol oxidase, suggesting that a cholesterol binding site on a protein can distinguish between them. They concluded regulation of site specific-EGFR phosphorylation does not involve direct interaction between cholesterol and EGFR, but instead reflects their effect upon membrane physical properties. However, the degree to which cholesterol binding sites can distinguish between cholesterol and ent-cholesterol is likely to be protein dependent, so studies with additional sterols might strengthen these conclusions.
Campbell et al. [57] studied the effect of sterol structure on infectivity and DRM formation in human immunodeficiency virus type 1 (HIV-1). Conditions in which about 50 % of sterol-substitution was achieved were defined. Under these conditions, HIV-1 infectivity seemed to be affected by the raft-forming ability of sterols, such that raftpromoting sterols induced higher infectivity of HIV-1 than raft-disrupting sterols. This suggests that some properties strongly correlated with domain formation is important in infectivity of HIV-1. The amount DRM derived from HIV-1 (using the detergent Brij 98, DRM were not obtained from Triton X-100 treatment) contained between 18 and 28 % of cellular gp41 after sterol substitution. Even so, it is unclear to what degree sterol substitution altered HIV-1 ordered domain levels or properties.
Papanikolaou et al. [61] studied the effect of cholesterol on the enzyme activity of the plasma membrane protein ecto-nucleoside triphosphate diphosphohydrolase-1 (CD39). This protein is believed to be in caveolae and was partly associated with DRM, but its activity and plasma membrane localization was not altered by a caveolin-1 knockout. Cholesterol-depletion by MβCD or sequestering by filipin inhibited CD 39 activity. Activity could be restored by repletion with cholesterol, but not by steroid repletion using 4-cholesten-3-one, a steroid which does not support ordered domain formation. It was concluded that rafts are important for CD39 localization and activity. However, the studies did not rule out a specific cholesterol interaction.
Rentero et al. [73] studied the effect of sterol on T cell membrane lipid condensation and T cell activation. It was suggested previously that membrane condensation (i.e. ordered domain formation) is related to T cell activity because diverse T cell receptor (TCR) signaling proteins were found in DRM fractions and tightly packed lipid domains located at T cell activation sites were observed [83, 84] . In the sterol substitution report, T cell cholesterol was substituted with 7-ketocholesterol (7KC). This resulted in somewhat less efficient ordered domain formation in the T cells. Substitution did not change calcium flux and 1 3 early tyrosine phosphorylation events occurring upon TCRstimulation. In contrast, the substitution negatively affected signaling complex formation, maintenance of phosphorylated signaling proteins within the plasma membrane, and actin reorganization at activation sites. This seemed to result in reduced downstream activation responses. It was concluded that membrane lipid condensation is critical for T cell activation. Because 7KC induced a modest decrease (about 30 %) in cell viability it would be desirable to confirm this and rule out specific sterol interactions with other cholesterol analogs.
Singh et al. [62, 85] studied whether desmosterol supports ligand binding to hippocampal serotonin1A receptor as well as cholesterol. In the first study [62] , serotonin1A receptor function was studied in hippocampal membranes. Cholesterol-depletion/repletion or substitution with desmosterol was performed by using MβCD. Cholesterol depletion reduced receptor affinity for 8-OH-DPAT. Cholesterol repletion partially recovered binding, but repletion of sterol with desmosterol did not. In a second study [85] , hippocampal membranes were solubilized using CHAPS, which induced some cholesterol loss. In these samples both replenishment with cholesterol and with desmosterol loaded onto MβCD restored ligand binding. The authors interpreted this result as reflecting a change when the membrane is solubilized by detergent. They proposed that in detergent, lipids and proteins are more loosely packed than in intact membranes, and so desmosterol can integrate in non annular binding sites important for recovery of ligand binding affinity. It should be noted that some of the DPH anisotropy experiments used to evaluate membrane order may have been complicated by the binding of DPH to MβCD.
Yamamoto et al. [64] studied the effect of the structure of sterols associated with hepatitis C virions upon infectivity, buoyant-density and binding to apolipoprotein. Cholesterol depletion or sterol substitution was carried out with MβCD. Viral infectivity and internalization was significantly decreased by cholesterol depletion but recovered upon repletion with cholesterol. Among the sterols tested, substitution (>30 %) with dihydrocholesterol and coprostanol were effective for recovery of the infectivity and internalization, but several other steroids lacking a 3β-OH or having a blocked 3β-OH, and those having an altered aliphatic tail did not. Since coprostanol does not support domain formation, this suggests that domain formation is not important for infectivity. Buoyant-density of the viruses was also affected by cholesterol amount or sterol structure. Cholesterol depletion increased viral density while cholesterol repletion or substitution with dihydrocholesterol, coprostanol, or 7-dehydrocholesterol restored it to near-normal levels. Substitution with the other steroids did not recover the buoyant-density. Normal buoyant-density was required for interaction of virions with apolipoprotein E. However, 7-dehydrocholesterol was not as effective as dihydrocholesterol and coprostanol in maintaining viral infectivity and internalization. It was concluded that the absence of sterol ring double bonds does not impair infectivity but an additional double bond in the rings does.
Wang et al. [68] studied the effect of β-sitosterol on cleavage of endogenous amyloid precursor protein (APP) in HT22 mouse hippocampal cells. APP has two alternative cleavage pathways, one involving α-secretase and another involving β-secretase [86] . Only cleavage by β-secretase leads to production of Aβ peptide, which forms amyloid plagues in brains of Alzheimer's disease patients. Cholesterol substitution with β-sitosterol was performed using HPβCD. β-Sitosterol substitution or cholesterol depletion induced non amyloidogenic cleavage of APP, decreasing Aβ production. Additionally, β-sitosterol substitution resulted in decreased association of APP with DRM. Treatment with HPβCD loaded with cholesterol or β-sitosterol did not significantly change in TMADPH fluorescence anisotropy compared to non-treated cells, while cholesterol depletion decreased anisotropy, suggesting only depletion decreased overall membrane order. This may suggest a specific sterol interaction is involved. It should be noted that β-sitosterol substitution efficiency was low (about 9 %). This may be because the study used HPβCD rather than MβCD [87] . Considered together, the above studies using sterol substitution can be broadly divided into two categories. Those that replace cholesterol with a single sterol, and those that used a series of sterols. Single sterol substitution experiments, including the cholesterol oxidase studies, are generally less definitive than those using a series of sterols. If a cell function is altered by substitution with a sterol that alters membrane order and/or domain formation, it is difficult to define whether the effect on membrane order/domain formation, even if the change in membrane properties has been directly measured, is responsible for the change in that cell function, or instead, if there is a contribution to altered cell function from changes in specific sterol-protein interactions. On the other hand, if the change in sterol alters membrane function without altering membrane order/domain formation, or if the sterol alters membrane order/domain formation without altering cellular function, one can make a stronger statement: that an effect of sterol structure other than its effect upon membrane order must be involved. Nevertheless, if the conclusions using a single sterol substitution are correct, then they should be able to predict the effects of additional sterol substitutions. Thus, the most robust of the studies above are those that make conclusions based upon the behavior observed after substitution with a wide variety of sterols.
Sterol Substitution Experiments in Cholesterol-Containing Bacteria
Although most bacteria do not contain cholesterol, some obtain it from their hosts. Among such bacteria is Borrelia burgdorferi, the causative agent of Lyme disease [16] . B. burgdorferi contains cholesterol glycolipids as well as cholesterol [88] . Cholesterol glycolipids have also been identified in plants, and appear to be involved in ordered domain formation [89] , although this has not been studied in detail. In B. burgdorferi LaRocca et al. [16] identified lipid raft-like structures containing cholesterol glycolipids and large enough to detect by electron microscopy. To confirm these structures were ordered lipid domains, in a second study LaRocca et al. [17] carried out sterol substitution with a wide range of sterols. To do this, cholesterol and cholesterol glycolipids were partly depleted with MβCD, and then sterols added back. Because B. burgdorferi can efficiently take up sterols, the sterol addition/substitution step was carried out with cholesterol dispersed in media, rather than loaded onto MβCD. Sterol substitution showed a strong correlation between the ability to form ordered domains in model membranes and support the formation of cholesterol glycolipid-containing domains in B. burgdorferi. Sterols that strongly stabilize ordered domains showed the strongest clustering of cholesterol glycolipids into domains, sterols with an intermediate ability to stabilize ordered domains showed a lesser degree of clustering of cholesterol glycolipids, and sterols that tend to inhibit ordered domain formation did not show any clustering into cholesterol glycolipid domains. Changes in DRM levels with different sterols paralleled changes in domain levels as detected by electron microscopy. Analogous experiments were also carried out in living B. burgdorferi using fluorescence resonance energy transfer (FRET). Domain formation was detected in B. burgdorferi substituted with sterols that have a strong or intermediate ability to support ordered domain formation in model membranes, but not in the presence of sterols that tend to inhibit ordered domain formation. Interestingly, prolonged incubation of B. burgdorferi after sterol substitution resulted in membrane defects closely related to sterol domain forming abilities. The membrane defects, as detected by permeability and electron microscopy, were moderate with sterols that moderately support ordered domain formation and severe with sterols that inhibit ordered domain formation. In this case, the pattern of the dependence of both membrane ordered domain formation and membrane integrity comes close to the type of patterns seen in Fig. 1a , c.
Varying Sterol Type in Reconstituted Model Membranes
A strategy to define the role of membrane domains in membrane protein function that is related to sterol substitution is to reconstitute a membrane protein in artificial vesicles with various sterols. A number of studies have taken this approach [48, 49, [90] [91] [92] [93] [94] [95] [96] . Such experiments are often carried out by reconstituting proteins in model membranes of well-defined lipid composition and with different sterols. However, because membrane protein orientation and the efficiency of reconstitution can depend upon lipid, it should be pointed out that in many cases a sterol-exchange protocol carried out after the protein reconstitution step may be preferable. Although this protocol would require sterol quantitation, and result in only partial sterol exchange, it would have the advantage that, in almost all cases, the orientation and efficiency of reconstitution would not be variables complicating interpretation. (However, there is at least one case, the lactose permease of E. coli, in which it has been shown membrane protein orientation can reverse after reconstitution [97] ).
Conclusions
As the studies described above demonstrate, a significant amount of information about the role of sterols and domains in biological functions have been gained by sterol substitution studies. In some cases there is a strong correlation between membrane physical properties and function, while in other cases, there is no such correlation, and a specific sterol-protein interaction is implicated in function instead. However, in many studies just a single or small number of substitutions was investigated, which allows alternate interpretations of the data. We believe that such studies carried out with an wider range of sterols could resolve much of the present confusion in the literature concerning when membrane domains are (and just as importantly are not) functionally important, and as a result more focused studies on the subset of processes most likely to be raft-dependent will become practical.
